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Images of purified Shaker potassium channels

Min Li*t, Nigel Unwin?, Kathrin A. Stauffer*,
Yuh-Nung Jan*, and Lily Y. Jan*

*Howard Hughes Medical Institute, Departments of Physiology and Biochemistry, University of California, San Francisco,
California 94143-0724 USA. *MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, UK.

Background: Voltage-gated K* channels play an
important role in the control of neuronal excitability
and synaptic plasticity. Their low abundance and
extraordinary heterogeneity have rendered their
purification from natural sources difficult. We have
previously cloned a voltage-gated K*-channel gene,
Shaker, from Drosophbila. The Shaker K*-channel
polypeptide resembles one of the four internal
repeats of a Na*- or Ca?*-channel o subunit, suggest-
ing that this example of a K* channel contains four
identical or homologous subunits. Similar K*-channel
polypeptides have been characterized from mammals,
other vertebrate and invertebrate species, and from
plants. Electrophysiological studies of K* channels
expressed in Xenopus oocytes suggest that they are
indeed tetramers, and heteromultimeric K* channels
have been found in the mammalian brain. Until now,
however, no K* channel, nor any other member of
the superfamily of voltage-gated ion channels, has

been characterized by electron microscopy or other
structural analysis.

Results: We have purified Shaker K™ channels,
expressed in insect Sf9 cells, to apparent homogene-
ity, and imaged them using the electron microscope.
The physical dimensions of these molecules, as well
as their biochemical characteristics, are consistent
with a tetrameric subunit composition. Moreover, the
Shaker channel revealed by negative staining has the
appearance of a four-fold symmetric tetramer, with a
large, central vestibule that presumably constitutes
part of the pathway for ions.

Conclusion: These first clear images of a voltage-
gated ion channel reveal a marked four-fold
symmetry. The integrity of the purified tetrameric
complex indicates that the purification scheme used
in this study may be further developed for future
structural analysis of voltage-gated K* channels.
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Background

Potassium (K*) channels are present in most eukaryotic
cells and are thought to serve a variety of functions,
ranging from the control of neuronal excitability and
synaptic transmission to the control of movements of
leaflets and stomatal pores in plants (for reviews, see
[1-3}). Since the cloning of the Drosophbila Shaker gene
[4—7}, which encodes a K*-channel polypeptide, a large
number of homologous K*-channel genes have been
isolated from species in both plant and animal
kingdoms (for reviews, see [3,8]). These molecular
studies have made it possible to express functional K*
channels in heterologous systems, such as insect Sf9
cells [9], thereby facilitating biochemical studies.

The Shaker K*-channel polypeptide resembles one of
the four internal repeats of a Na*- or Ca?*-channel o
subunit, suggesting that this example of a K* channel
contains four identical or homologous subunits [5,10].
Indeed, heteromultimeric channels form in Xenopus
oocytes, which express two different K*-channel
polypeptides [11-15], and tandem dimers or tetramers
of K* channel polypeptides expressed in Xenopus
oocytes can form functional channels [12,16,17]. Using
a Shaker cDNA with a mutation that reduces the
protein’s sensitivity to a charybdotoxin isoform, and

that is assumed not to affect subunit assembly,
MacKinnon [18] has shown that the toxin sensitivities of
the currents of K* channels in oocytes expressing both
wild-type and mutant polypeptides fit the prediction of
a tetrameric model. The multimeric nature of voltage-
gated K* channels offers the possibility of ‘mixing and
matching’ different subunits to generate K™ channel
diversity. Indeed, heteromeric K* channels of different
subunit compositions have been found; they probably
have different subcellular locations in specific subsets
of neurons in the mammalian brain [19,20].

In this study, we have purified Shaker K* channels
expressed in Sf9 cells to apparent homogeneity, and
examined the purified protein by electron microscopy.
The images reveal that the channel is a square-shaped
complex, with a prominent cavity, or vestibule, visible
in the center.

Results

Shaker K* channels purified from $f 9 cells

Functional expression of Shaker in Sf9 cells, using the
recombinant baculovirus strain 3A1, was achieved as
reported previously [9], except that a greater multi-
plicity of infection (50-100) was used. Shaker protein
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